Abstract While cognitive deficits are increasingly recognized as common symptoms in amyotrophic lateral sclerosis (ALS), the underlying histopathologic basis for this is not known, nor has the relevance of neuroinflammatory mechanisms and microglial activation to cognitive impairment (CI) in ALS been systematically analyzed. Staining for neurodegenerative disease pathology, TDP-43, and microglial activation markers (CD68, Iba1) was performed in 102 autopsy cases of ALS, and neuropathology data were related to clinical and neuropsychological measures. ALS with dementia (ALS-D) and ALS with impaired executive function (ALS-Ex) patients showed significant microglial activation in middle frontal and superior or middle temporal (SMT) gyrus regions, as well as significant neuronal loss and TDP-43 pathology in these regions. Microglial activation and TDP-43 pathology in middle frontal and superior or middle temporal regions were highly correlated with measures of executive impairment, but not with the MMSE. In contrast, only one ALS-D patient showed moderate Alzheimer's disease (AD) pathology. Tau and Ab pathology increased with age. A lower MMSE score correlated with tau pathology in hippocampus and SMT gyrus, and with Ab pathology in limbic and most cortical regions. Tau and Ab pathology did not correlate with executive measures. We conclude that microglial activation and TDP-43 pathology in frontotemporal areas are determinants of FTLD spectrum dementia in ALS and correlate with neuropsychological measures of executive dysfunction. In contrast, AD pathology in ALS is primarily related to increasing age and associated with a poorer performance on the MMSE.
Introduction
Amyotrophic lateral sclerosis (ALS) is the most frequent adult onset motor neuron disease, leading to death after a mean survival of approximately 3 years [33] . While ALS is primarily characterized by motor symptoms, cognitive deficits are increasingly recognized as common symptoms of disease in these patients [38, 52, 53] . Neuropsychological testing frequently reveals impairments in executive function, including planning, working memory and attention. Moreover, a large autopsy series of 87 ALS patients with or without frontotemporal lobar degeneration (FTLD) showed that 12.5% of patients with ALS fulfilled criteria for probable or definite FTLD [25] . Imaging studies of cognitive decline in ALS show atrophy in prefrontal regions anterior to the motor cortex and cortical hypometabolism in the frontotemporal regions [1, 4, 18] . The link between FTLD and ALS was further strengthened by the discovery of TAR DNA-binding protein of 43 kDa (TDP-43) as a major component of ubiquitinated inclusions in both ALS and the largest subset of FTLD cases now known as FTLD-TDP [47] . This suggests that ALS could be a manifestation of FTLD within a continuum of TDP-43 proteinopathies [19] . Abnormal cytoplasmic accumulation of TDP-43 has been observed in neurons and glial cells of the motor cortex, brainstem, and spinal cord in ALS [39, 47] . These neuronal cytoplasmic inclusions have been found to vary in morphology from small granules and compact Lewy body-like inclusions to filamentous skeins. Several studies suggest that neuronal cell death in ALS is non-cell autonomous with an important role played by microglial cells [2, 23, 31] . Neuroimaging demonstrated in vivo microglial activation not only in the motor cortex, but also in the prefrontal areas of the brain [2, 23, 57] . However, direct demonstration of the relevance of microglial activation to non-motor symptoms like cognitive impairment (CI) in ALS has not been studied. Indeed, few studies have systematically analyzed neuropathological correlates of cognitive decline in ALS [24, 52, 54, 59] . Here, we describe the neuropathological findings in a large and clinically well-defined cohort of ALS autopsy cases and evaluate the relevance of TDP-43 pathology, microglial activation, and co-morbidity associated with Alzheimer's disease (AD) pathology for CI in ALS.
Methods

Autopsy cohort
Individuals who underwent autopsy in the Center for Neurodegenerative Disease Research at the University of Pennsylvania from 1985 to 2010 were enrolled. Our cohort included 102 cases with a clinical diagnosis of ALS in accordance with the modified El Escorial Criteria [9] and a neuropathological diagnosis of ALS (Table 1) . Detailed clinical characteristics (age at onset, age at death, site of onset, disease duration, ALS global disease severity as measured by a functional rating score (ALSFRS-R) [11] , gender, performance on cognitive tests) were ascertained by retrospective chart review of clinical visits from 1985 through 2010 within the University of Pennsylvania Health System; the vast majority of patients were seen by one neurologist (L.M.). Unless otherwise specified, results of testing used in this study were from the visit most 
Basic neuropathological characterization
Pathology was examined in six regions of the central nervous system (CNS): amygdala, hippocampus (CA1/ subiculum), middle frontal gyrus, superior or middle temporal gyrus (SMT), motor cortex (precentral gyrus), and cervical spinal cord (CSC). While many more regions are routinely examined for diagnostic assessment, we chose these brain regions for detailed examination here because they are among the most consistently affected in both FTLD and ALS [20, 62] . Sections were fixed and cut into 6-10 lm sections, stained with hematoxylin and eosin (HE) and thioflavin S, and immunohistochemistry (IHC) was performed with antibodies to tau, a-synuclein, ubiquitin, and TDP-43 as previously described in detail [20, 46] . Sections were reviewed blind to the results of cognitive testing, and the extent of TDP-43, tau, and Ab pathology as well as the extent of neuron loss (as monitored by HE) were rated for each region on a 4-point ordinal scale (0, none; 1, mild; 2, moderate; 3, severe/numerous) as previously described [21, 58] (Fig. 1) . Assessment of tau neurofibrillary tangle pathology was performed according to revised Braak criteria [7, 8, 21, 58] . The extent of Ab pathology was described using Consortium to Establish a Registry for Alzheimer's Disease (CERAD) criteria [43, 55] and their combination using NIA-Reagan criteria [12, 27] .
Analysis of microglial activation
Sections of 6-lm thickness were cut from paraffinembedded specimens. For IHC, all slides were deparaffinized and rehydrated in a series of xylene and graded ethanol. After immersion in methanol/H 2 O 2 for 30 min, slides were washed in 0.1 M Tris buffer (pH 7.6) and blocked in 0.1 M Tris/2% FBS. Sections were stained using polyclonal rabbit anti-Iba1 antibody (Wako Chemicals, Richmond, VA) at 1:1.000 and incubated overnight at 4°C. Sections were then rinsed and washed in Tris and incubated with Vector biotinylated anti-rabbit IgG (Vector Laboratories Inc., Burlingame, Ca) at 1:1.000 for 1 h. After rinsing again, the ICH reaction was visualized using 3,3 0 -diaminobenzidine (DAB) and the sections were dehydrated through graded ethanol, cleared in xylene, and coverslipped in Cytoseal 60 mounting medium. Sections were stained for CD68 using mouse anti-human CD68 (Dako, Carpinteria, CA) at 1:1.000. The extent of microglial activation was rated on a 4-point ordinal scale combining gray and white matter pathology for each region (Fig. 1 ).
Neuropsychological testing
Ante-mortem cognitive testing was performed at 3-to 6-month intervals during routine clinic visits. Data for three cognitive tests were available for a subset of the autopsy cohort within 12 months of death. These included a test of letter-guided verbal fluency (F-words test, n = 54 patients) [36] , a test of frontal executive function (Oral Trail Making Test, n = 47 patients) [37] assessing information processing speed and the capacity to maintain a complex mental set, and the Mini-Mental State Examination (MMSE, n = 31) [17] . For the letter fluency test, patients without significant dysarthria were asked to generate as many unique words (proper nouns and numbers excluded) beginning with the letter ''F'' in 1 min. Patients with dysarthria, but showing preserved limb and hand function, were asked to write the words; 90 s were allotted to these patients. The total number of unique words produced was recorded. For the Oral Trail Making Test, patients without significant dysarthria were asked to sequentially say letters of the alphabet, beginning with A, alternating with numbers, beginning with 1, in an ascending order (i.e., A-1, B-2) and ending at Z-26. Each error was subtracted from the maximum score of 52. Patients with significant dysarthria, but with relatively preserved hand and limb ability, were asked to perform the same task in writing. We included the Frontal Behavioural Inventory (FBI), a 24-item caregiverbased behavioral questionnaire designed for the diagnosis and quantification of FTLD symptoms [32] .
Statistical analysis
Normal distribution of the variables was tested and accordingly mean and standard deviation (SD) were used in case of normal distribution, and median and first and third quartiles were used in case of non-normally distributed data. For the analyses presented in Table 1 , independent sample t test and Mann-Whitney U test were used for normally and non-normally distributed variables, respectively. For the purpose of multivariate analyses, a power transformation was applied to non-normally distributed variables. To quantify non-normally distributed variables across three or more groups, Kruskal-Wallis analysis of variance on ranks was applied followed in case of significance by Dunn's Method. All correlations were studied using Spearman's rank order correlation coefficient. Bonferroni correction for multiple testing was applied when contrasts were not driven by a specific hypothesis. For all other testing, we set significance level to 0.01 to reduce the likelihood of false positive discovery findings. All statistical tests were two sided. Data analysis was performed using SPSS (Version 17.0 SPSS Inc., Chicago, IL, USA) and R 2.13.1.
Results
Gross pathology findings
Demented patients had a lower brain weight, although the difference was not statistically significant (Table 1) . Mild to moderate gross brain atrophy in frontal regions (other than the primary motor cortex) was observed in 12 cases (11.7%).
Distribution of pathology across different CNS regions in the entire cohort TDP-43 pathology was most extensive in the CSC and the motor cortex as illustrated in Fig. 2 . Similarly, neuronal loss was most extensive in the CSC and motor cortex, whereas considerably lesser degrees of neuronal loss were observed in other cortical and subcortical areas (Fig. 2) . Staining for both Iba1 and CD68 showed microglial activation to be most pronounced in CSC and motor cortex, with a tendency to show more pronounced expression in the white matter (Fig. 3) . The extent and anatomical distribution of tau tangle and Ab pathology in ALS autopsy cases are shown in Table 1 and Fig. 2 , respectively.
Regional correlation of pathology in the entire cohort
The extent of TDP-43 pathology correlated with neuronal loss in all regions (with the exception of motor cortex and CSC), and both were most severe in the CSC and the motor cortex. Microglial activation as shown by staining for Iba1 correlated with neuronal loss in the middle frontal gyrus, motor cortex, and CSC. Neither tau nor Ab pathology correlated with neuronal loss in ALS. An overview on the correlation between different types of pathology in different regions of the CNS is provided in Table 2 .
Relation of pathology to age, disease duration, and clinical phenotype in the entire cohort We observed both tau and Ab pathology to increase significantly with age (both age at onset of disease as well as age at death) in all cortical and limbic regions (p \ 0.01, q [ 0.4 in each region). Neither tau nor Ab pathology was correlated with duration of disease in any of the investigated areas. By comparison, TDP-43 pathology did not correlate with disease duration or age in the brain regions we examined. Microglial activation as detected by staining for Iba1 and CD68 tended to decrease in motor cortex and CSC with ongoing disease, perhaps indicative of a burned out or end stage of disease with few remaining neurons and for FTLD [45] and NIA-Reagan criteria [27] of no or low probability of AD. One patient showed tau pathology consistent with Braak stage III-IV [7, 8] and Ab pathology with a CERAD score B [43, 55] . Thus, we identified one patient in our cohort who had co-occurring AD. We observed different anatomic distributions of disease for TDP-43, neuronal loss, and microglial activation compared to tau and Ab pathology. Cases with ALS-D thus showed more extensive TDP-43 pathology than ALS-nD in the middle frontal cortex, SMT cortex, and the hippocampus (Fig. 4) . Furthermore, neuronal loss was more extensive in ALS-D than ALS-nD in the middle frontal cortex and the SMT gyrus. Likewise, microglial activation as detected by staining for CD68 was significantly more extensive in the middle frontal cortex, SMT gyrus, and motor cortex in ALS-D as compared to ALS-nD patients (Fig. 4) . For Iba1, this difference reached statistical significance only in the SMT and middle frontal gyrus. By comparison, no significant differences with regard to tau or Ab pathology were observed (p [ 0.01 for tau and Ab pathology in each area).
Relation between pathology in ALS and impaired executive function
Within the autopsy cohort, 13 (32.5%) of 40 patients with available data showed a score below the median for the fluency words and Oral Trail Making Tests. These patients were defined as having an impaired executive function (ALS-Ex). In 27 cases, scores were above/equal to the median for either both tests or one of the tests (''executive function not/slightly impaired'').
As in the ALS-D cases above, we observed different anatomic distributions of TDP-43 pathology and microglial activation in ALS-Ex compared to ALS patients without executive dysfunction. ALS-Ex cases thus showed more extensive TDP-43 pathology in the middle frontal cortex and the SMT gyrus compared to cases in which executive function was not/slightly impaired (p \ 0.01 each, Fig. 5 ). Microglial activation also was more extensive in ALS-Ex compared to ALS patients with minimal executive dysfunction in the middle frontal gyrus (Fig. 6) , SMT gyrus, and motor cortex as seen by staining with CD68 compared to cases in which executive function was not/slightly impaired (Fig. 5) . Staining for Iba1 was significantly more extensive in ALS-Ex in the SMT gyrus, while the difference did not reach significance for the other regions.
Reduced output on the letter fluency test was correlated with greater TDP-43 pathology (r = -0.43, p = 0.005) and microglial activation as seen by staining for Iba1 (q = -0.42, p = 0.003) in the middle frontal gyrus. Furthermore, reduced scores on the Oral Trail Making Test were correlated with greater middle frontal microglial This contrasts with the findings for tau and Ab pathology. No significant differences between ALS-Ex and ALS patients with minimal executive dysfunction were observed in any region for tau and Ab pathology or for neuronal loss (p [ 0.01 each). There were no significant correlations between tau/Ab pathology and measures of executive functioning.
Pathology in ALS with low MMSE
In this autopsy cohort, eight (25.8%) of 31 patients with available data showed an MMSE score lower than the median of 27 points (''low MMSE''), while 23 patients had a score higher or equal to the median (''high MMSE''). Low MMSE cases showed more extensive tau pathology in the hippocampus and SMT gyrus as compared to high MMSE cases. They showed more extensive Ab pathology in all the investigated limbic and cortical regions. Furthermore, neuronal loss was more extensive in the low MMSE subgroup in the amygdala, and middle frontal cortex. By comparison, microglial activation as seen by staining for both CD68 and Iba1 was more extensive in the amygdala of the low MMSE cases as compared to the high MMSE cases (Fig. 7) . MMSE did not correlate with TDP-43 pathology or microglial activation in the frontotemporal areas.
Scores on the MMSE decreased with increasing extent of Ab pathology in the amygdala and hippocampus (q = -0.65, p \ 0.001 each), middle frontal cortex (q = -0.66, p \ 0.001), SMT cortex (q = -0.67, p \ 0.001), and motor cortex (q = -0.60, p \ 0.001). Furthermore, the MMSE decreased with increasing tau pathology in the hippocampus (q = -0.46, p = 0.009). The extent of neuronal loss correlated inversely with the MMSE score in the amygdala (q = -0.56, p = 0.002), hippocampus (q = -0.51, p = 0.003), and middle frontal cortex (q = -0.50, p = 0.006).
Discussion
To the best of our knowledge, this is so far the largest study that systematically analyzed pathological correlates of dementia and CI in an autopsy cohort of ALS. While the clinical picture of ALS is dominated by progressive deterioration of motor function, CI and dementia are increasingly recognized [52] . Indeed, CI could compromise patients' capacity to participant in health-care decision making such as end-of-life decisions, as well as reduce compliance with supportive and potentially life-prolonging therapies like non-invasive ventilation [51] . Thus, CI may have major clinical implications in ALS. Among the subgroup of patients with ALS-D [45] , the pattern of dementia resembled that seen in FTLD and was associated with more extensive histopathologic abnormalities due to TDP-43, while only one ALS-D patient had AD pathology of intermediate severity. In the entire ALS cohort examined in this study, we found neuropsychological tests of executive function to be related to TDP-43 pathology and microglial activation in middle frontal and SMT regions, while tau pathology was related to poorer performance on the MMSE. These findings confirm the relevance of TDP-43 pathology in the cognitive deficits of ALS patients and suggest that this could be mediated in part by an inflammatory process. By comparison, cooccurring AD rarely causes dementia in ALS, and when Ab and tangle pathology becomes severe enough to impact cognitive performance, this appears to compromise cognitive measures sensitive to AD pathology such as the MMSE, but not performance on executive measures.
Further, TDP-43 pathology was related to neuronal loss in many of the investigated areas, which could be due to a deleterious loss of TDP-43 nuclear function [3, 5, 14, 28, 29, [47] [48] [49] . Interestingly, and for reasons which are unclear, the correlation of TDP-43 pathology to neuronal loss could not be shown for the motor cortex and the CSC, but this may reflect clearance of TDP-43 from the extracellular space following its release from degenerating neurons harboring TDP-43 inclusions.
Amyotrophic lateral sclerosis with dementia patients were distinguished from ALS-nD patients by widespread and extensive TDP-43 pathology in frontotemporal cortical areas (Fig. 4) and the pattern of the distribution of TDP-43 pathology was similar to that observed in FTLD. In contrast, neither tau nor Ab pathology showed any difference regarding non-demented patients with ALS. More specifically, we found the burden of TDP-43 pathology to be related to impaired executive functions (Fig. 5) , including direct correlations between TDP-43 density in frontotemporal regions and executive test performance. These correlations were not observed in other brain regions, and correlations were not observed between executive measures and the burden of tau and Ab pathology. This emphasizes the specificity of the role of TDP-43 in the cognitive deficits of ALS patients. Moreover, executive tests such as these are likely to be useful in neuropsychological assessments to reflect TDP-43-related CI in ALS.
Although microglial activation is a known feature of ALS and FTLD pathology [6, 16, 40, 64] , this has not been systematically studied histopathologically before. Furthermore, our data demonstrate for the first time that microglial activation correlates with dementia and CI in ALS, and is related to neuropsychological measures of executive dysfunction.
CD68 is a predominantly intracellular molecule associated with the endosomal compartment and is a panmacrophage marker also expressed in microglia [34, 42] . The calcium binding protein Iba1 is believed to be involved in membrane ruffling related to cell motility and phagocytosis by microglia/macrophages, and is considered a specific marker for microglial activation [30, 50] .
We observed extensive microglial activation in the same frontotemporal regions of ALS-D and ALS-Ex with extensive TDP-43 pathology (Figs. 4, 5, 6 ). Moreover, these regions showed significant correlations between TDP-43 markers of disease and the executive deficits causing cognitive difficulty in ALS. The specificity of these findings is emphasized by the absence of correlations between the extent of microglial activation and TDP-43 pathology in other brain regions, and the absence of correlations with other histopathologic features such as tau and Ab density thereby suggesting that microglial activation is a key pathological correlate of CI and dementia in ALS (Figs. 4, 5 ). Our finding that microglial activation also correlates with neuronal loss supports the notion that inflammatory mechanisms could be important mediators of neuronal dysfunction and death in ALS [15, 35] . Taken together with a previous study [61] , these data suggest that microglial activation is deleterious and contributes to noncell autonomous neuron dysfunction and death. Thus, if confirmed, these findings imply that treatment with antiinflammatory agents may attenuate non-motor symptoms of ALS.
Tau and Ab pathology were found to have a very different role in ALS. First, we observed both tau and Ab pathology in ALS, but this was found to be of low abundance (Fig. 2) . Indeed, the distribution of these histopathologic features of AD followed the pattern observed in normal aging [19, 43, 46, 55, 56, 58] , and only one ALS-D patient showed intermediate probability for AD [12, 27] . This observation is in accordance with previous studies that observed AD pathology in ALS to be both infrequent and scarce [26, 44, 60, 63] . A study of 30 autopsy cases with ALS [24] reported a higher proportion of AD pathology, but the mean age of this cohort was considerably older (66 years) than in our study, and age was observed to be an important determinant of AD pathology in ALS. Further, neither tau nor Ab pathology correlated with executive measures, but instead correlated with a measure commonly used to track AD-the MMSE. This is in line with previous literature that observed the MMSE to be useful to support a diagnosis of AD, but to be of limited value for identifying FTLD cases [22, 41] . MMSE did not correlate with TDP-43 or microglial activation. Therefore, our data indicate that AD-related pathology in ALS is comparatively rare and of minor clinical relevance to CI or dementia in ALS.
Taken together, we observed a double dissociation: measures of executive functioning and FTLD spectrum dementia were related most closely to TDP-43 pathology and microglial activation in frontotemporal regions, while MMSE and dementia of the Alzheimer type reflected ADrelated pathology such as tau burden that increased with age and was most prominent in the medial temporal regions. Our observations thus emphasize the potential value of more extensive neuropsychological assessments in all ALS patients, but the extent of CI in the entire cohort was mild [10, 13] , suggesting that the motor component of these tests had minimal impact on cognitive performance. Furthermore, and in contrast to the large overall size of the cohort, the number of cases with ALS-D was rather small, so that our results on this group should be regarded as preliminary and additional follow-up studies are needed. Despite these caveats, our data indicate that TDP-43 pathology and microglial activation in the frontotemporal areas are important determinants of CI in ALS, and our study emphasizes the need for increased research on nonmotor symptoms of ALS and the mechanisms that underlie them.
